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Abstract 
Weighting criteria methods achieved popularity in the quantification of uncertainty in the first decade of 21st century. 
In this study, Reliability Ensemble Averaging (REA) method is used to provide a quantitative estimate of 
uncertainty range and reliability of future climate projections over Han river basin in Korea simulated by 18 GCMs 
under CMIP5 Project. The root mean square error (RMSE) was used to measure uncertainty range. The result 
indicates that historical simulations project 43% decrease in precipitation while future scenarios simulations of 
GCMs projects a moderate increase in mean annual temperature and precipitation.  The future projections showed a 
reduction in uncertainty range of about 150% as compared to simple ensemble average approach. The results 
suggest the viability of REA method by incorporating the model performance and model convergence criteria.  
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1. Introduction 
Climate-change information at global, regional and local level is required to develop adaptation and mitigation 
strategies at national and international levels. It is essential to acquire knowledge of possible future climate changes 
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to develop a climate change adaptation plan. General Circulation Models (GCMs) outputs are the most common 
sources to know about future climate outlook [1]. However, considerable uncertainties are associated with the 
climate model outputs due to modeling process and production of climate change scenarios. Statistical methods can 
play an important role in quantifying the uncertainty in climate models’ output. The equal weighting method treats 
each model equally reliable for the projection of future climate and this approach did not get acceptance among most 
of the researchers [3]. Therefore, [2] introduced weighting criteria called REA method. This method considers the 
ability of a particular model to simulate the observed climate, and its degree of convergence in the predicted climate 
change with respect to other models. 
The authors [2] applied the REA approach to area-averaged mean seasonal temperature and precipitation changes 
for the late decades of the twenty-first century over 22 land regions of the world by using nine (9) Atmospheric-
Ocean General Circulation Models (AOGCMs) for two forcing scenarios. They found a reduction in uncertainty 
range using the REA method for both variables due to minimization of the contribution of outliers or poorly 
performing models. The researchers [3] used REA method to examine detailed spatial patterns and magnitude of 
climate changes over Australia and southern Africa using 14 Composite Model Intercomparison Project-3 (CMIP3) 
AOGCMs. They found a reduction in rainfall for southern portions of both continents in winter under climate 
change. Agniv and Rajeevan [4] used REA method for the determination of uncertainty range and reliability of 
climate change projections of 10 different CMIP5 GCMs for the JJAS Indian summer monsoon. They found 
monsoon warming in near future with small uncertainty range over India. 
In the studies mentioned above used REA technique over large sub-regions of the world or on a country level, 
however, here REA method is first time applied over a river basin. The uncertainty range in climate model 
projections and reliability of models was analyzed over Han river basin for 18 GCMs under the RCP4.5 scenario of 
Composite Model Intercomparison Project-5 (CMIP-5) on annual and seasonal basis using two main variables, 
precipitation and temperature 
2. Study area and data 
Figure 1 shows the study area of the Han river basin which is the largest river basin with an area of 34,420 km in 
South Korea [5]. Observed daily rainfall and temperature data sets were acquired from the Korean Meteorological 
Administration (KMA) for the period 1976-2005 to assess the model performance. The CMIP5 model daily 
temperature and precipitation data sets of 18 GCMs for the base period1976-2005 and RCP4.5 2070-2099 were used 
in this study. The details of model and data are available on the website of the Earth System Grid Federation (ESGF). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Study area Han river basin in South Korea 
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3. Methodology  
This study examines historical simulations and future projections of 18 GCMs under the RCP4.5 scenario. 
Annual and seasonal 30 years averages were used in this study to characterize the GCMs and the observed 
watershed mean areal precipitation and temperature. The computed mean areal precipitation and temperature for the 
observed as well as GCMs data through using Thiessen polygons method were used as an input in REA method. For 
the quantification of model uncertainty, we used the REA method as described by [2] and are only briefly 
summarized here. In REA method, the weighted average of individual model simulations is quantified by using two 
major criteria, namely model bias and model convergence. The simulated precipitation change using REA is given 
by a weighted average of individual models below 
 
 
(1) 
      
 
     
where the operator Ã denotes the REA averaging and Ri  represents the individual model reliability factor as 
 
 
(2) 
 
where RBi is a factor that measures the model reliability as a function of the model bias in simulating reference 
period precipitation, that is, the higher the bias the lower the model reliability. This is called as model performance 
criterion.  RDi is a factor that measures the model reliability in terms of the distance of the change calculated by a 
given model from the REA average change, that is, the higher the distance the lower the model reliability. This is 
called as model convergence criterion. The parameters m and n are assumed to be equal to 1, which gives equal 
weight to both criteria. However, the distance DPi is calculated using an iterative procedure. 
 
 
 
(3) 
 
 
A quantitative measure of the collective model reliability ρ in simulating future climate changes is obtained by 
applying the REA averaging operator to the reliability factor, that is 
 
 
(4) 
 
4. Results and discussions 
4.1. GCM historical simulations for temperature and precipitation 
We computed model bias of 18 GCMs individually from the observed climatology. The precipitation biases were 
from 137 to -576 mm whereas the temperature biases were from -3.2 to 5.9ć with respect to the observed 
climatology. All GCMs severally underestimated observed precipitation, except GCM inm4 overestimated the 
observed precipitation by 137 mm. It was noticed that GCMs biases were more pronounced for precipitation than 
temperature.  Figures 2(a) and 2(b) illustrate the individual GCM-projected change and the corresponding GCM bias 
for precipitation and temperature.  
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                                     (a)                                                                                      (b) 
Figure 2. (a) Change in annual mean precipitation and corresponding bias for different GCMs (b) Change in annual temperature and 
corresponding bias for different GCMs. The solid line represents the zero level   
4.2. Projected precipitation and temperature change and estimates of uncertainty range 
The annual precipitation and temperature change along with their corresponding uncertainty ranges projected by 
18 GCMs were computed for 2070-2099 with respect to 1976-2005. 
 
                                           (a)                                                                                      (b) 
Figure 3. (a) Projections for precipitation change (mm) for annual period in Han river basin with REA and SEA along with uncertainty (b) 
Projections for temperature change (Ȕ) for annual period in Han river basin with REA and SEA along with uncertainty 
In Fig 3(a), REA average projects an increase of 13 mm in future with 24 mm uncertainty while simple average 
projects 9mm precipitation with 36 mm uncertainty. Only 10 out of 18 models projected change which lies within 
this range. This reduction is only due to filtering out GCMs which receives less weight in reproducing the observed 
climatology and in projection with respect to the majority of the ensemble members. However, for DJF and JJA 
periods, REA technique projects an increase of 1mm with f4 mm uncertainty and 20mm with f7 uncertainty 
respectively. Figure 3(b) shows annual temperature change projected by 18 GCMs along with corresponding 
uncertainty ranges. REA technique projects an increase of 1.1ć temperature with f0.6 ć uncertainty. It is 
important to mention that 15 out of 18 models projected change lies within this range. This improvement regarding 
uncertainty range results due to filtering out or down weights of highly biased model outliers as stated in the REA 
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methodology. However, both techniques project an increase of 1.3ć temperature with f 0.5ć uncertainty for the 
DJF period while for the JJA season, REA technique projects an increase of 0.9ć temperature with less uncertainty 
range. 
It is clear that model convergence in the simulation of future climate change is greater than the ability of the 
models to capture the present-day climate. This has already been found in previous research [3]. In precipitation 
case, some models projected increase and some projected decrease in precipitation. Overall summer precipitation 
can increase in future with more uncertainty. It is consistent with the previous studies which indicate the 
intensification of summer monsoon precipitation over Asia. In temperature case, mostly model projections are 
within the range of both techniques. Overall all models have projected increase in temperature in future over the 
basin which is consistent with the previous studies. Temperature can more increase in winter as compared with the 
summer season. However, models projected greater uncertainty in summer temperature. The main cause of increase 
the in temperature may be due to more absorption of radiation heat by the earth. Due to increase in temperature, 
evaporation losses will be more over the entire basin. 
 
4.3. Reliability analysis of CMIP5 GCMs 
The overall reliability (Ri), the model bias reliability factor (RB) and model convergence reliability factor (RD) 
for all GCMs were computed for both variables. Table 1 depicts the model biases from the observed data and model 
changes from the scenario. Figure 4(a) shows precipitation reliabilities for GCMs. The value of RD is mostly 
remained in the range from 0.01 to 0.4.  The GCMs temperature reliabilities are shown in figure 4(b). The model 
convergence criterion shows significant improvement in temperature case with seventeen GCMs attaining an RD 
value of 1.0. The consistently greater RD value compared to the RB value for both variables, described that the 
convergence of GCMs in future over Han river basin climatology projections is more than the ability of the GCMs 
to reproduce the recent past climate. 
 
Table 1. Models, model biases from the observed and model changes from the scenario 
CMIP5 Model Abbreviation Bias (Prec.) Bias (Tem.) Change  (ΔP) Change (ΔT) 
bcc-csm1-1 BCC1 -395.9 0.6 97.2 1.2 
CanESM2 Can2 -391.6 2.9 -11.1 1.2 
HadGEM2-ES HadE -429.8 0.2 55.5 1.4 
FGOALS-g2  FGOg -575.8 -1.4 61.9 1.3 
GFDL-ESM2G  GFDG -472.7 -0.1 37.1 0.6 
HadGEM2-CC HadC -374.1 -0.3 -52.1 1.4 
CSIRO-Mk3-6-0 CSI3 -567.2 0.5 7.6 1.0 
MRI-CGCM3 MRI3 -480.3 -0.3 -24.1 0.4 
GFDL-ESM2M GFDM -484.1 -0.4 -38.3 0.9 
inmcm4 inm4 137.1 -3.2 5.6 0.3 
FGOALS-s2 FGOs -304.3 5.9 -3.9 -2.7 
MPI-ESM-LR MPIL -278.3 1.7 -6.1 1.0 
MIROC-ESM-CHEM MIRC -221.4 4.3 7.4 1.2 
CCSM4 CCS4 -187.3 1.1 -2.3 1.0 
MIROC5 MIR5 -7.4 2.2 50.8 0.9 
NorESM1-M NorM -367.7 0.3 -14.2 1.2 
IPSL-CM5A-LR IPSL -175.2 -1.4 1.9 1.8 
MIROC-ESM MIRE -235.9 4.6 1.8 1.1 
 
The individual GCMs reliability (ߩ෤) value ranges from 0.003 to 0.270 for precipitation and from 0.04 to 1.0 for 
temperature respectively. By considering the above results, it is clear that the overall models reliability decreased 
due to poor model performance reliability instead of having higher model convergence reliability. 
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                                         (a)                                                                                           (b) 
Figure 4. (a) Projections Overall GCM reliability (R) along with performance (RB) and convergence (RD) reliability factors for annual 
precipitation (b) Overall GCM reliability (R) along with performance (RB) and convergence (RD) reliability factors for annual temperature case 
5. Conclusions 
The use of Reliability Ensemble Averaging (REA) technique is very helpful for decision makers to take 
adaptation measures with a major reduction in uncertainty due to its model performance and convergence criteria. 
This reduction in uncertainty range as compared to simple ensemble average (SEA) was observed for all temporal 
scales considered in this study which suggest REA is a viable technique for determining future forecast over a river 
basin by minimizing the contribution of poorly performing models or outliers. The GCMs reliabilities for 
precipitation were very low due to large biases found in their simulations. However, GCMs reliabilities were higher 
for temperature. The GCMs BCC1, HadE, GFDG, HadC, CSI3, MRI3, GFDM and NorM are considered more 
reliable for temperature projections over the Han river basin. In future, REA technique will apply on bigger domain 
like East Asian Region to examine the uncertainty in summer Monsoon by considering revision in performance 
criteria by including multiple variables and statistics. 
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